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ABSTRACT
Selecting Surrogate Folds for Use in Origami-Based Mechanisms and Products
Jason Tyler Allen
Department of Mechanical Engineering, BYU
Master of Science
Origami-based design is increasing in popularity as its benefits and advantages become better understood and explored. However, many opportunities still exist for the application of origami
principles to engineered designs, especially in the use of non-paper, thick sheet materials. One
specific area utilizing thick sheet materials that is especially promising is origami-based mechanisms that require electrical power transfer applications. Many of these opportunities can be met
by the use of surrogate folds. This thesis provides methods and frameworks that can be used by
engineers to efficiently select and design surrogate folds for use in origami-based mechanisms and
products.
Surrogate folds are a means of achieving fold-like behavior, offering a simple method for
achieving folding motions in thicker materials. A surrogate fold is a localized reduction in stiffness
in a given direction allowing the material to function like a fold. A family of surrogate folds is
reviewed, and the respective behaviors of the folds discussed. For a specified fold configuration, the
material thickness is varied to yield different sizes of surrogate folds. Constraint assumptions drive
the design, and the resultant configurations are compared for bending motions. Finite element and
analytical models for the folds are also compared. Prototypes are made from different materials.
This work creates a base for creating design guidelines for using surrogate folds in thick sheet
materials.
As mechanisms with origami-like movement increase in popularity, there is a need for conducting electrical power across folds. Surrogate folds can be used to address this need. Current
methods and opportunities for conducting across folds are reviewed. A framework for designing
conductive surrogate folds that can be adapted to fit specific applications is presented. Equations
for calculating the electrical resistance in single surrogate folds as well as arrays are given. Prototypes of several conductive joints are presented and discussed. The framework is then followed in
the design and manufacture of a conductive origami-inspired mechanism.

Keywords: compliant mechanisms, surrogate folds, origami-inspired design, flexible circuits, design framework

ACKNOWLEDGMENTS
I would like to express appreciation to Dr. Spencer Magleby for his support and advice as
my wonderful thesis advisor. I would also like to thank Dr. Larry Howell and Dr. Brian Jensen for
their input, advice, and guidance as committee members.
I acknowledge the significant contributions of my fellow students and friends in the Compliant Mechanisms Research Group. Their input, advice, and collaboration were invaluable. I
would specifically like to thank Patrick Walton, Mary Wilson, and Bethany Parkinson as well as
my brother Austin Allen and friend Garrett Hoffa for their help with prototyping. Thanks also go
to Bryce DeFigueiredo, Alden Yellowhorse, Nathan Pehrson, and Erica Crampton for their advice
and help with editing. I would also like to thank Jason Lund for his significant help with FEA
modeling.
I would also like to thank my awesome parents Michael and Diane Allen for their examples
of hard work and dedication. I would not be where I am or who I am without their guidance and
love. One couldn’t hope for better parents.
I finally want to thank my Heavenly Father, the Great Engineer, for His support, love, and
talents He has given me. Many breakthroughs in my research can be attributed to His inspiration,
for which I am grateful. He blesses me far more than I deserve.
This thesis is based on work supported by the National Science Foundation and the Air
Force Office of Scientific Research through NSF Grant No. EFRI-ODISSEI-1240417.

TABLE OF CONTENTS
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

Chapter 1 Introduction .
1.1 Motivation . . . . .
1.2 Thesis Objective .
1.3 Thesis Outline . . .

.
.
.
.

.
.
.
.

1
1
2
2

Quantifying and Comparing Surrogate Fold Motions in Thick Sheet Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Family of folds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Analytical Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.3 Finite Element Modeling . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.4 Designing to Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.5 Prototype . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.

4
4
5
7
7
8
10
10
13
15
20

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

21
21
22
24
26
26
28
29
29
29
32
37
40
40
40
41
41
42
43

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

Chapter 2
2.1
2.2
2.3

2.4
2.5

Chapter 3
3.1
3.2
3.3

3.4

3.5
3.6

3.7
3.8

Designing for Electrical Power Transfer across Fold-lines in Mechanisms
with Origami-like Movement using Surrogate Folds . . . . . . . . . . .
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Surrogate Folds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Design Framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.1 Design Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.2 Design Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3.3 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Equations and Proof of Concept . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.1 Single Joint . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.2 Arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fatigue Feasibility Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Example Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.1 Design Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.2 Design Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.3 Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.6.4 Finished Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
iv

Chapter 4

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

v

LIST OF TABLES
2.1
2.2

Comparison of leg lengths for the folds at selected thicknesses illustrating a linear
relationship between leg length and thickness. Units in cm. . . . . . . . . . . . . . 12
Comparison of moment required to deflect 45 deg. at selected thicknesses illustrating effect of 8 times increase in moment for a two times increase in thickness.
Thickness in cm. Moment in Nm. . . . . . . . . . . . . . . . . . . . . . . . . . . 15

vi

LIST OF FIGURES
2.1

Example of joints created by creasing, by adding hinges, and by using surrogate
folds. Shows planar and folded views [12]. . . . . . . . . . . . . . . . . . . . . .
2.2 The response of the surrogate folds change as the angle φ changes [7]. . . . . . .
2.3 The Dual-Segment Compliant Joint Family and the responses of the folds under
various loading conditions [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.4 Comparison of analytical and FEA models. Note: Inverted Bending-Orthogonal
joint has same values as Bending-Orthogonal joint. . . . . . . . . . . . . . . . .
2.5 Comparison of the optimized leg lengths at various thicknesses for the different
folds. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.6 Comparison of Inverted Bending-Orthogonal joint sizes at various thicknesses. All
are capable of achieving 45 deg. of deflection without yielding. . . . . . . . . . .
2.7 Comparison of Mixed Tension Resistant joint sizes at various thicknesses. All are
capable of achieving 45 deg. of deflection without yielding. . . . . . . . . . . . .
2.8 Comparison of the moment required to deflect the folds to 45 deg. at various
thicknesses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.9 Comparison of aluminum and nylon prototype sizes, on the left and right respectively. Both have a thickness of 0.152 cm and are capable of achieving 45 deg. of
deflection without yielding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.10 Nylon and aluminum surrogate folds achieving 45 deg. of deflection without yielding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1
3.2

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

3.13

.
.

6
8

.

9

. 11
. 12
. 13
. 13
. 14

. 16
. 17

Example of surrogate folds used to achieve deflection in a prototype of a backpackable stove. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The Dual-Segment Compliant Joint Family of surrogate folds [7]. The angle φ is
the angle of the legs relative to the fold-line, with 0 degrees being perpendicular.
Also shown is the flexural loading of the compliant legs under folding, tension,
and compression of the joint. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Framework for designing conductive surrogate folds. . . . . . . . . . . . . . . . .
The Torsion-Parallel Joint [7]. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Dimensions of Torsion-Parallel Joint. . . . . . . . . . . . . . . . . . . . . . . . .
Torsion-Parallel Joint with nickel spray used to create conductive pathway. Overall
size is 14.9 cm x 8.3 cm x 0.2 cm. The nickel layer is approximately 0.25 mm thick.
ANSYS model of a 2 x 10 Outside LET Joint array. . . . . . . . . . . . . . . . . .
Percent error in the von Mises stress between analytical and FEA models. . . . . .
Outside LET Joint array with 3D printed substrate and nickel spray conductive
pathway. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
LET Joint array made from aluminum. Overall size is 12.7 cm x 9.1 cm x 0.1 cm. .
Fatigue tester used to test conductive surrogate folds. . . . . . . . . . . . . . . . .
(a) Fatigue tested single joint made with conductive paint and (b) fatigue tested
single joint made from nickel spray. Each one had sections of conductive material
break off during fatigue testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
(a) Completed conductive kaleidocycle and (b) kaleidocycle shown with power
moving through the surrogate folds. . . . . . . . . . . . . . . . . . . . . . . . . .
vii

22

25
26
30
31
33
35
36
36
37
38

39
42

CHAPTER 1.

1.1

INTRODUCTION

Motivation
Engineers have recently begun to take more interest in the principles and applications of

origami, the ancient art of paper folding. Many new and innovative products have resulted from applying origami principles to engineering design. As origami-based design increases in popularity,
more product development is being done with non-paper sheet materials. Some basic techniques
for making non-paper sheet materials behave like folded and creased paper have been studied. Researchers have made progress in this area with several different methods, but challenges remain.
These methods show promise but also exhibit certain limitations including undesired motions, stability issues, and additional restraint requirements.
Some of these opportunities could be filled by using surrogate folds to replace the function
of creases in paper. Surrogate folds could potentially address many of the current challenges in
origami-based product development utilizing thick materials including complex design and manufacturing as well as achieving acceptable fatigue life. They could also be used to reduce size,
weight, and the need for lubrication.
One promising application of surrogate folds is in the designing of conductive joints for
foldable circuits. These foldable circuits could be used to create large area devices significantly
lighter and more easily compacted than existing integrated circuits built on traditional printed circuit boards. Many of the current techniques used to create foldable circuits require an extensive
knowledge of material science and complicated manufacturing processes. Surrogate folds could
provide a simpler method for achieving conductivity across folds. Surrogate folds can be made
through common manufacturing processes such as stamping or cutting. They could be used to
conduct electricity across joints by adding conductive layers to them or by making them entirely
from a conductive material such as aluminum. These advantages could allow for cheaper and

1

easier design and manufacturing of conductive, flexible pathways for electrical power transfer applications.
Although several surrogate fold types have been designed, little has been done to quantify their different behaviors in non-paper, thick sheet materials. If these behaviors were better
understood, it would assist engineers in selecting and designing the most efficient surrogate fold
for a given application, including in the design of conductive surrogate folds for electrical power
transfer. A design framework could be constructed, further facilitating the use of surrogate folds
in origami-based mechanisms.

1.2

Thesis Objective
The objective of this thesis is to develop and present an approach for applying surrogate

folds to the design of origami-based mechanisms and products that use thick, non-paper sheet
materials to accommodate required rotational deflections and conduct electrical power. This will
be accomplished by first presenting methods to quantify and compare the behavior of different
surrogate folds in the folding motion. Secondly, a design framework for selecting and designing
surrogate folds for use in electrical power transfer applications will be presented and discussed.
Prototypes will also be presented to show the validity of the approach.

1.3

Thesis Outline
Chapter 1 presents an introduction and discusses the motivation for the thesis. It also

presents the objective and outline of the thesis.
Chapter 2 reviews a family of surrogate folds and discusses their respective behaviors. Relationships between material thickness, compliant leg length, and moment required to actuate the
joint are presented. These behaviors are quantitatively compared to create a basis for developing
surrogate fold design guidelines. The paper was submitted and presented at the Smart Materials
and Adaptive Structures 2015 Conference under the title Quantifying and Comparing Surrogate
Fold Motions in Thick Sheet Materials with Dr. Spencer Magleby and Dr. Larry Howell as coauthors.

2

Chapter 3 discusses how surrogate folds hold potential to fill opportunities for electrical
power transfer in mechanisms with origami-like movement. It presents current methods for creating conductive hinges and presents opportunities for advancement including creating more robust
joints under large deflection and high fatigue, as well as simpler methods for conducting electrical
power in order to improve manufacturability and lower cost. A framework is presented to help
in the designing of conductive surrogate folds. Several conductive prototypes of single surrogate
fold joints as well as surrogate fold arrays are presented. The framework is then followed in the
creation of a conductive origami-based mechanism. The paper was submitted to the 2017 ASME
International Design and Engineering Technical Conference under the title Designing for Power
Transfer across Fold-lines in Mechanisms with Origami-like Movement using Surrogate Folds with
Bryce P. DeFigueiredo and Dr. Spencer Magleby as coauthors.
Chapter 4 presents a conclusion and discusses possible future work that can be explored
based upon the research presented in the thesis.

3

CHAPTER 2.
QUANTIFYING AND COMPARING SURROGATE FOLD MOTIONS
IN THICK SHEET MATERIALS

2.1

Introduction
Since the relatively recent interest of engineers in origami, the Japanese art of paper folding,

there has been increased focus on its principles and applications. Several new and innovative
products have resulted from applying origami principles to engineering design. Some examples
include foldable solar arrays [1], medical stents [2], improved crumple zones in cars [3], and
aerospace structural cores that decrease water retention [4]. As origami-based design increases in
popularity, more product development needs are being seen requiring non-paper sheet materials.
Some basic techniques for making non-paper sheet materials behave like folded and creased paper
have been studied, with many opportunities remaining. Some of these opportunities include using
thick materials, smart material integration, and achieving conductivity across joints. Researchers
have worked on some of these opportunities. For example, thick material foldability has been
explored by adding hinge-like devices or backing materials such as cloth that provide movement [1,
5]. These methods show promise but also exhibit certain limitations including: undesired motions,
stability issues, and additional restraint requirements [6].
Many of these opportunities in thick materials could potentially be realized by using surrogate folds, which act to replace the function of creases in paper. “A surrogate fold is a localized
reduction in stiffness along the desired axis of rotation, producing a similar motion to a fold in paper” [7]. Surrogate folds could potentially address many of the current challenges in origami-based
product development utilizing thick sheet materials including high part count, difficult manufacturing, expensive processes, and fatigue problems. They could also be used to reduce size, weight,
and need for lubrication which would be beneficial to the aerospace industry in particular.

4

Previous work has been done in designing and qualitatively comparing surrogate folds and
their motions. This work quantitatively compares a family of surrogate folds in the folding motion
in thick sheet materials in order to create a base upon which design guidelines can be built.

2.2

Background
There are many reasons why thicker materials must be used in certain applications of

origami-adapted products. These reasons could include: required strength of the material, rigidity of the material, type of material, or the need for attachments. There could also be application
specific reasons such as shielding (heat, radiation, or physical), aesthetics, or conductivity. Each
of these has its own unique challenges, but surrogate folds have the potential to create motion in
thicker materials without thinning the material or adding additional parts.
Although some origami researchers have experimented with non-paper sheet materials, few
methods have been developed to accommodate thicker materials. Wu and You [8] mathematically
looked at folding rigid panels. Tachi [5] and Edmondson [6] have developed various methods to
accommodate thickness in folding including adding hinge-like devices to create motion and adding
flexible backings to the thick panels to provide movement. They focused primarily on maintaining
the kinematics and motion of the original thin paper models. While useful in many settings, these
methods can potentially introduce problems such as undesired motions, stability issues, and additional restraint requirements [6]. These methods can also require complex fabrication and be fairly
expensive due to a high part count.
Other researchers have focused on non-paper materials. Francis researched their crease-like
behaviors [9]. The design process for taking a model and adapting it in thick origami is described
in Edmondson’s paper [6]. Zirbel has demonstrated how rigid-foldable origami patterns could be
adapted for solar arrays [1].
Surrogate folds can be considered compliant mechanisms and a subset of origami-based
design [10]. They hold potential because they can be created through simple manufacturing processes such as cutting or stamping. Jacobsen demonstrated this by using surrogate folds to create
a lamina emergent mechanism [11]. Several surrogate folds have been characterized by their behaviors with governing equations given [7]. An example of surrogate folds being used to replace
folds in paper and hinges can be seen in Fig. 2.1.
5

Figure 2.1: Example of joints created by creasing, by adding hinges, and by using surrogate folds.
Shows planar and folded views [12].

Finding a good definition of what constitutes ‘thick’ materials can be complicated. What
constitutes thick in one material might be considered thin in another. Origami models use a zerothickness approximation, but mechanical designs require materials that cannot be approximated
that way [6]. As the materials are folded and bent, thickness is important because the material
may begin to self-intersect. Also, as the material is folded on itself the thickness of the overall
structure increases as the material is stacked on itself. This makes thickness accommodation difficult in origami-based design. Commonly used engineering materials cannot be approximated as
having zero-thickness. For this work, thick will be defined as a material where a zero-thickness
approximation is not valid.

6

2.3

Approach
This paper focuses on the folding motion, which is the primary desired motion for surrogate

folds. There are parasitic motions in the folds, but these were not studied in this work. For more
information on these parasitic motions see [7].
A family of surrogate folds was selected for comparison. The folds were modeled analytically and validated using finite element analysis (FEA). The folds were modeled using the
properties of Nylon 6/6. This material was chosen because it is a common material in compliant
mechanisms and is easy to manufacture through methods such as cutting. There is a wide range
of values for Young’s modulus, so a value in the upper end of the range was chosen to give a
conservative scenario. A value of 3.792 GPa (550 kpsi) for Young’s modulus was chosen. A value
of 4.067 GPa (590 kpsi) was chosen for the modulus of rigidity. The properties in the fold region
following manufacturing are not changed dramatically in comparison to the rest of the mechanism.
Once the models were validated, the compliant leg length required to reach 45 degrees of
deflection without yielding for various thicknesses was calculated. If more deflection is required,
two of the joints can be added in series thus achieving a deflection of 90 degrees for the same
applied moment. This is because the joints in series act like springs in series. If two joints are
placed in parallel, the on-axis and off-axis stiffness of the joint increases. This could be desirable
but will require a higher moment to actuate.

2.3.1

Family of folds
The Dual-Segment Compliant Joint family, developed by Delimont [7], was chosen for

comparison because of the simplicity of the joints and their various behaviors. This family was
created to give designers easy options for creating folds with different behaviors by simply changing an angle. Each joint consists of two compliant legs that are rotated at different angles relative
to the fold line in order to change the basic behavior of the joints (see Fig. 2.2). As the angle φ
changes, the legs experience different amounts of bending and torsion when deflected. Also, as φ
changes, the legs go from resisting tension to resisting compression. The joints studied and their
various responses under different loading conditions including folding caused by a pure moment
and tension and compression caused by an axial force can be seen in Fig. 2.3.

7

Figure 2.2: The response of the surrogate folds change as the angle φ changes [7].

2.3.2

Analytical Modeling
As the angle of the compliant legs (φ ) changes, the legs experience combined loading

caused by bending and torsion. When φ equals 0 or 2π, the displacement angle (θ ) is caused by
pure bending as given by the equation

θb =

Mcos(φ )L
EI

(2.1)

where M is the applied moment, L is the length of the compliant legs, E is Young’s Modulus, and
I is the area moment of inertia.
When φ is equal to π/2 or 3π/2 , the deflection of the legs is caused by pure torsion as given
by

θt =

Msin(φ )L
KG
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(2.2)

Figure 2.3: The Dual-Segment Compliant Joint Family and the responses of the folds under various
loading conditions [7].

where M is the applied moment, L is the length of compliant legs, K is a section property (see [13]),
and G is the modulus of rigidity.
For combined loading, the vector sum of these two angular displacements gives the overall
angular displacement, which is

θ=

MLsin2 φ MLcos2 φ
+
KG
EI

(2.3)

Solving for the moment gives

M=

KGEIθ
+ KGLcos2 φ

EILsin2 φ

9

(2.4)

The equations give the moment in each of the compliant legs, but a moment twice as large
will be required to actuate the joint because of the two compliant legs acting in parallel. Once the
moment in each leg is known, the various stresses can be calculated and combined to calculate a
von Mises stress.

2.3.3

Finite Element Modeling
In order to validate the analytical solution, the folds were generated and tested in ANSYS

using BEAM188 elements with non-linear analysis. A 45 deg. rotational displacement was applied
in the folding direction with results extracted at every 2.5 deg. Every part of the surrogate fold
except for the two compliant legs was considered infinitely rigid, thus simplifying the models. The
models were based on a single, square cross-section beam under fixed-free loading conditions.
Using a single beam gives the equivalent stress that would be seen if two legs were modeled and
combined in parallel. The moment required to rotate the fold would be doubled for two legs, but
the equivalent stress in each beam would be the same as in the single beam.
The modeled beam was rotated at the various angles of φ to simulate the different folds.
A thickness to width ratio for the legs of one-to-one was used throughout all of the modeling.
Dimensions of .635 cm (.25 in) were used for the width and thickness combined with a leg length
of 5.08 cm (2 in). The Bending-Orthogonal and Inverted Bending-Orthogonal Joints give the same
numerical results because of their angles. A φ value of 45 degrees was used for the Mixed Tension
Resistant Joint, while a value of 110 degrees was used for the Mixed Compression Resistant Joint.
110 degrees was chosen instead of 135 degrees for this joint in order to see behavior different than
that of the Mixed Tension Resistant Joint.
The FEA models gave results very similar to the hand calculations (see Fig. 2.4). These
results validate the analytical models.

2.3.4

Designing to Thickness
Once the analytical models were validated, the compliant leg lengths of the folds were

optimized for various thicknesses of the material. Common material thicknesses were chosen. The
surrogate fold sizes were optimized to arrive at the yield strength at a deflection of 45 deg. The
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Figure 2.4: Comparison of analytical and FEA models. Note: Inverted Bending-Orthogonal joint
has same values as Bending-Orthogonal joint.

cross-sections of the compliant legs were kept at a constant one-to-one ratio. As the leg lengths
were changed to optimize the design, the rest of the fold was scaled accordingly.
The resultant leg lengths of the different folds at various thicknesses were graphed for
comparison (see Fig. 2.5). Selected values are listed in Table 2.1.
In order to better visualize how the folds scale according to the leg length (caused by the
change in thickness of the material), a visual comparison of the Inverted Bending-Orthogonal joint
was created (see Fig. 2.6). It can be seen that there is a significant increase in overall footprint of
the fold as the thickness is doubled, with footprint being defined as the projected area occupied
by the fold. A visual comparison of the Mixed Tension Resistant Joint was also created to show
how the footprint of a surrogate fold undergoing mixed bending and torsion would change with
thickness (see Fig. 2.7).
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Figure 2.5: Comparison of the optimized leg lengths at various thicknesses for the different folds.

Table 2.1: Comparison of leg lengths for the folds at selected thicknesses illustrating a linear
relationship between leg length and thickness. Units in cm.
Thickness
0.15875
0.3175
0.635
1.27
2.54

B.O.
5.253
10.507
21.014
42.027
84.055

M.T.R. T.P.
M.C.R. I.B.O.
8.178
13.177 11.694 5.253
16.356 26.355 23.389 10.507
32.712 52.709 46.777 21.014
65.423 105.418 93.554 42.027
130.846 210.837 187.109 84.055

To better compare the moments required to deflect the folds to 45 deg., the moments at
different thicknesses were graphed (see Fig. 2.8). Trendlines were generated using third order
polynomials. Some selected values are also listed in Table 2.2 for a more numerical comparison.
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Figure 2.6: Comparison of Inverted Bending-Orthogonal joint sizes at various thicknesses. All are
capable of achieving 45 deg. of deflection without yielding.

Figure 2.7: Comparison of Mixed Tension Resistant joint sizes at various thicknesses. All are
capable of achieving 45 deg. of deflection without yielding.

2.3.5

Prototype
Using the equations and approach mentioned above, prototypes of the Inverted Bending-

Orthogonal Joint were made in Nylon 6/6 and Aluminum 6061 (see Fig. 2.9). They were each
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Figure 2.8: Comparison of the moment required to deflect the folds to 45 deg. at various thicknesses.

made from approximately 0.152 cm (.060 in) thick material. It can be seen that the aluminum
surrogate fold has a much larger overall footprint than the nylon fold.
The surrogate folds were then rotated to 45 degrees of deflection to show proof of the
approach (see Fig. 2.10). The aluminum surrogate fold had parasitic motions due to the small
width and thickness of the compliant legs relative to the overall size. These parasitic motions
in metals could be decreased by combining several folds into an array, thus increasing off-axis
stiffness. The nylon surrogate fold had less parasitic motion due to the smaller overall size of the
fold relative to the legs.
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Table 2.2: Comparison of moment required to deflect 45 deg. at selected thicknesses illustrating
effect of 8 times increase in moment for a two times increase in thickness.
Thickness in cm. Moment in Nm.
Thickness
0.15875
0.3175
0.635
1.27
2.54

2.4

B.O.
M.T.R. T.P.
M.C.R. I.B.O.
0.060
0.050
0.043
0.045
0.060
0.480
0.397
0.346
0.357
0.480
3.841
3.179
2.772
2.853
3.841
30.726
25.429 22.174 22.823 30.726
245.806 203.431 177.395 182.586 245.806

Discussion
There are many interesting things that can be learned in comparing and quantifying the

motions in the different surrogate folds. These can be used to give designers basic ideas for using
surrogate folds. Trends seen in thickness vs. leg length as well as thickness vs. moment will be
discussed. Several design guidelines derived from these trends will also be discussed.
Table 2.1 shows some important trends in the optimized leg lengths. As the thickness of
the material is doubled, the leg length also doubles. This is an important trend to note.
This linear relationship between thickness and length can be noted by rearranging the equation for pure bending stress and by setting the stress equal to the yield strength:
Mt
2I

(2.5)

θb EI
L

(2.6)

Eθbt
2L

(2.7)

Sy =
where

M=
After substitution, the equation simplifies to:

Sy =

A similar, linear trend can be found in pure torsion by following a similar process, from [14]
with w = t:
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Figure 2.9: Comparison of aluminum and nylon prototype sizes, on the left and right respectively.
Both have a thickness of 0.152 cm and are capable of achieving 45 deg. of deflection without
yielding.

Sy =

4.8T
t3

(2.8)

T=

θt KG
L

(2.9)

where

and from [13]

16

Figure 2.10: Nylon and aluminum surrogate folds achieving 45 deg. of deflection without yielding.

K = 2.25(t/2)4

(2.10)

Rearranging these equations shows the linear relationship between thickness and leg length in pure
torsion:

Sy =

0.675Gθt t
L

(2.11)

Trends between the different folds are interesting. The Bending and Inverted BendingOrthogonal Joints have the shortest leg lengths. The Mixed Tension Resistant Joint requires a
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leg length approximately 1.56 times longer, the Torsion-Parallel Joint requires a length 2.51 times
longer, and the Mixed Compression Resistant Joint requires one 2.23 times longer.
This shows that the joints whose legs undergo more torsion require longer leg lengths to
achieve the same deflection. Their legs are placed parallel to the fold line which can be advantageous. Pure bending joints require shorter legs, but they are perpendicular to the fold axis creating
a larger footprint away from the fold line. This is important to note when designing folds because overall footprint of the fold relative to the fold line could be important depending on the
application.
It is also important to note that as the thickness of the material increases, the moment
required to deflect the fold also increases. The legs were optimized at the yield strength, which
requires the highest possible moment to achieve 45 deg. of deflection without yielding. If a lower
moment is desired, the leg length can be increased beyond the optimized length to allow for easier
folding.
Folds that have more pure bending require more of a moment to deflect than those with
more torsion (see Table 2.2). This factor should be considered when designing folds. It is interesting to note that for a given fold, the moment required to cause 45 deg. of deflection increases by
eight times as the thickness is doubled.
This 8 times increase in moment can be seen by rearranging the deflection equations for
bending and torsion. For bending the equation can be rearranged as:

M=

θb EI
L

(2.12)

Since w = t, I can be replaced with:
t4
12

(2.13)

The whole equation can now be rewritten as:

M=

θb Et 4
12L

(2.14)

If the thickness is doubled and the leg length is doubled to compensate, the moment equation can
be written as:
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M=

θb E(8t 4 )
12L

(2.15)

Similarly in pure torsion, the equation for deflection can be rewritten as:
KGθt
L

(2.16)

2.25(t/2)4 Gθt
L

(2.17)

T=
By replacing K as before gives:

T=
which is also

2.25t 4 Gθt
T=
16L

(2.18)

If the thickness is doubled and the leg lengths as well, gives:

T=

2.25(8t 4 )Gθt
16L

(2.19)

As a comparison, the Bending-Orthogonal and Inverted Bending-Orthogonal Joints require
a moment that is about 1.39 times larger than the Torsion-Parallel Joint. The Mixed Tension
Resistant Joint requires one about 1.15 times as large, while the Mixed Compression Resistant
requires one about 1.03 times as large.
These combined findings will help a designer in selecting the correct surrogate fold for
a given application.These findings will also help determine how thickness will affect the design
of the fold. The thickness of the material being used will drive the size of the surrogate fold
because the length of the compliant legs will have to change to compensate for the increase in
thickness. If shorter leg lengths are needed, a surrogate fold with more bending would be desired.
If a lower moment is required for deflection, then a surrogate fold with more torsion would be
desired. Overall footprint is also important in certain applications. Surrogate folds with more
bending have larger overall footprints perpendicular to the fold line. Surrogate folds with more
torsion have footprints that extend along the fold line which might be advantageous. Also, a fold
having mixed bending and torsion might be required if the surrogate fold will also undergo tension
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or compression. All these factors should be considered when selecting a surrogate fold for a given
application.

2.5

Conclusion
Surrogate folds hold much potential for allowing motion in thick sheet materials. They can

reduce part count, make manufacturing easier, and get rid of the need for lubrication. This work
quantitatively compared surrogate fold motions to create a base upon which design guidelines can
be built. A linear relationship between thickness and compliant leg length was discovered as well as
a relationship between moment required to achieve 45 deg. of deflection and thickness. Surrogate
folds can be added in series and parallel to modify behavior of the overall fold. If metals are used,
they should be put in arrays to reduce parasitic motions. Surrogate folds with more bending require
shorter compliant legs but have a larger footprint perpendicular to the fold line. Surrogate folds
with more torsion require less of a moment to deflect, and their footprint is parallel to the fold line.
Surrogate folds with torsion should be used if overall footprint relative to the fold line is important.
Folds with mixed bending and tension can be used to resist tension or compression.
Further work can be done to quantify and compare surrogate folds in other motions such
as tension and compression. This would provide a designer with information on the trade-offs
between motions in different directions. Quantifying the parasitic motions in each surrogate fold
would also be beneficial. The study of all of these motions would provide engineers with good
design tools for using surrogate folds in thick sheet materials. Future work of the folds in arrays
would be useful for design guidelines as well. Study on how to optimize the entire fold, not just
the leg length, according to thickness would be of good use. This would give designers a more
complete design tool.
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CHAPTER 3.
DESIGNING FOR ELECTRICAL POWER TRANSFER ACROSS FOLDLINES IN MECHANISMS WITH ORIGAMI-LIKE MOVEMENT USING SURROGATE
FOLDS

3.1

Introduction
As the popularity of origami-inspired design increases, there is an ever growing amount of

products with origami-like movement. These products make use of folding motions to decrease
storage size, increase deployability, or take advantage of unique motions. Examples include: antennas [15], airbags [16], foldable solar arrays [1], and telescopes [8]. These products generally have
rigid panels connected by flexible joints. In many situations there is a desire to mount electronics
on these origami-inspired mechanisms thus creating more of a need for flexible and conductive
joints that are compatible and integral to the movement of the device. There have been many
breakthroughs in this field in recent years, yet opportunities remain. Some of these opportunities
include creating joints that are flexible yet maintain areas of rigidity around themselves, have better
fatigue performance, and are less expensive to manufacture.
Many of these opportunities could potentially be realized by utilizing surrogate folds. Surrogate folds are “a localized reduction in stiffness along the desired axis of rotation, producing a
similar motion to a fold in paper” [7]. They can be used to conduct power while functioning like
joints in thick materials. They can be realized in rigid materials creating flexibility at the joint
while still retaining areas of rigidity for attachment purposes, support, or shielding (see Fig. 3.1 for
an example of surrogate folds used in a rigid material). If these folds are manufactured from metals
or other conductive materials, they could potentially have acceptable fatigue life while also being
used to conduct power across a fold. Surrogate folds can be created through simple manufacturing
methods such as stamping or cutting thus decreasing cost. The purpose of this paper is to present
a framework for designing conductive surrogate folds and discuss the benefits and show proof of
concept of using surrogate folds to conduct power across joints in origami-like mechanisms.
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Figure 3.1: Example of surrogate folds used to achieve deflection in a prototype of a backpackable
stove.

3.2

Background
The idea of flexible circuits and conductors has been around since the beginning of the 20th

century. Dr. Ken Gilleo reports that Albert Hanson filed patents on flexible circuits in Germany
and Britain in 1902 and 1903 respectively [17]. There is also a letter written to Thomas Edison
in 1904 asking about replacing wires with a flexible conductor array [18]. There was a shift away
from these ideas to using more rigid circuits.
Traditional rigid materials used in circuits have great electrical properties but poor mechanical robustness, while soft materials show good mechanical robustness and poor electronic
properties [19]. This causes a problem when both characteristics are desired.
Jain lists several advantages of using flexible conductors [20]. Flexible interconnects are
advantageous because they enable highly compact electronics. They have very little empty volume
if they can fold or flex. They result in a lighter weight mechanism and can be manufactured
monolithically.
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Researchers have done extensive work in recent years on achieving flexible circuits. Current methods for creating flexible circuits revolve around a few methods: adding a conductive
material to a flexible substrate, using liquid metals, setting rigid materials on the flexible substrate,
and manufacturing the metal in waves or in spring-like formations.
When materials are added to the substrate, fracturing of the conductive material under constant folding is a problem. As the material fractures, the conductivity decreases as the conductive
pathway is destroyed. Siegel et al. had this problem when making foldable circuits on paper using
a nickel spray [21]. They saw a steady decrease in the conductance of the circuit with each fold.
Hyun et al. expanded on the work of Siegel by creating graphene circuits on paper that had improved performance [22]. A significant increase in the fatigue life was also seen but still remained
an issue. Mates developed a cheaper alternative mixing graphene with artists’ paint [23]. Zhu
improved on the graphene concept with the use of phosphorene [24].
Some researchers have simply adhered a thin conductive material onto a flexible substrate.
Yao et al. put thin copper strips onto paper or another dielectric substrate to make a spatially
reconfigurable accordion antenna [15].
Another method for conducting across a fold involves the use of liquid metals. This is done
by introducing liquid metal into channels in a flexible polymer. This system works well and can
even be cut and repaired. Kramer discusses the advantages including combining the function of
rigid materials with deformable properties of liquid-elastomers [25]. Eaker created flexible and
stretchable antennas using liquid metal [26].
Another method uses the placement of rigid components onto a compliant substrate [27].
This can lead to cracking of the rigid devices. To get around this problem, some researchers developed circuits that could stretch. Lacour did this by patterning waves of gold on a stretchable
substrate [28]. This allowed the gold interconnects to stretch up to twice their initial length. Other
researchers changed the geometry of the conductor in order to achieve more bending and stretching. Rojas patterned copper in a serpentine design and achieved 270% stretching of the copper
array [29].
Several companies produce flexible printed circuit board options such as rigid PCB panels
connected by flexible sections or flexible, ribbon-like circuit boards. These can work well in certain
situations, but they do not provide stability across the fold-line and may even require the addition of
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stiffeners. They work well in space-saving situations where they can roll up inside the mechanism.
They do not work well in situations where the joint needs to provide stability along the fold-line,
which is generally needed in origami-based mechanisms.
These methods are encouraging and they show that there is an opportunity to improve
the mechanics of flexible circuit design. Specifically, there is a need for designs that are more
robust under large deflections and high fatigue. This would expand the possible applications of the
technology to situations in which products are used for many cycles. There is also an opportunity
to simplify flexible circuits for improved manufacturability and lower cost. Mass production is
critical in electronics applications, and designs that use common manufacturing methods are more
easily implemented in products that are going to market. In addition, it is important that accurate
models are developed for proposed designs to aid in product development. These factors make
compliant mechanisms a useful area to look for solutions to the above problems.

3.2.1

Surrogate Folds
Surrogate folds can be considered compliant mechanisms and a subset of origami-based

design [10]. As stated previously, surrogate folds are “a localized reduction in stiffness along
the desired axis of rotation, producing a similar motion to a fold in paper” [7]. The reduction in
stiffness is generally achieved through changing the geometry of the material. Surrogate folds are
a means of creating origami-like movement in more traditional engineering materials. They hold
potential to meet many opportunities in mechanisms with origami-like movement including: ease
of manufacturing, use of rigid materials, increased fatigue life, and simplification of design. For
an example of several surrogate folds, see Fig. 3.2.
Surrogate folds can be made through simple manufacturing processes such as cutting or
stamping. Jacobsen proved this by using surrogate folds to create a lamina emergent mechanism [11]. This simplicity in manufacturing can lead to decreased costs for products.
Surrogate folds can be manufactured in rigid materials, thus allowing for rigidity on the
sides of the fold-line. These “rigidized” regions are sometimes required for the mounting of other
electronics, attachment purposes, etc. [18]. Sometimes extra stiffeners have to be added to create
these rigid regions in mechanisms with origami-like movement. Surrogate folds would eliminate
this need to add stiffeners because they can be used to create flexibility in inherently rigid materials.
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Figure 3.2: The Dual-Segment Compliant Joint Family of surrogate folds [7]. The angle φ is the
angle of the legs relative to the fold-line, with 0 degrees being perpendicular. Also shown is the
flexural loading of the compliant legs under folding, tension, and compression of the joint.

Design and assembly can also be simplified when surrogate folds are used because overall
part count will be minimized. This could also lead to a decrease in cost and to an increase in the
reliability of the mechanism.
Several surrogate folds have been characterized by their behaviors with governing equations given [7]. Studies have also been done comparing the folding motion of several folds to each
other [30].
Surrogate folds can be patterned in arrays in order to decrease unwanted motions and to
lessen the stress on individual compliant segments. This can be especially helpful in very rigid
materials. These arrays can be more complex to design and manufacture leading to an increase in
cost. This approach and its equations will be discussed later.
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Figure 3.3: Framework for designing conductive surrogate folds.

3.3

Design Framework
Designing flexible joints, especially when electrical requirements are involved, can be

tricky. There are many considerations that must be kept in mind in order to reach an effective
design including: desired flexibility, mechanical properties, electrical properties, reliability, manufacturability, and cost. Mechanical properties are important because the circuit needs to be able
to withstand the stresses and strains that it will experience in the desired application while maintaining flexibility. Important electrical properties to consider for the conductor include: resistance
or conductance including current carrying capacity. This is especially important in power transfer
applications. Reliability is necessary because the circuit cannot fatigue or fracture causing failure.
Manufacturability is important to save time as well as money. An inexpensive material is important
in keeping overall project costs down. It is helpful to follow a framework to do this efficiently. A
generic design framework will be presented. This framework can be customized to fit a specific
application and is given to provide a starting point for engineers. A visual representation of this
framework can be seen in Fig. 3.3. An example application of this framework will then be shown.

3.3.1

Design Considerations
The first step in the framework is to list the design considerations or constraints for the

given application because they will be the major drivers in the design. They will map directly to
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the key parameters used to test and validate models of the design (see Fig. 3.3). It is helpful for the
designer to constantly review these throughout the design process.

Desired Deflection
When designing mechanisms with origami-like movement, deflection is inherently one of the most
important characteristics of any fold. This constraint must be decided upon first as it will be the
driving factor of the design.

Desired Fatigue Life
In folding applications, the fatigue life can be an important factor in design. Some applications may
only require that the device fold and unfold once, such as a solar panel being deployed on a spacecraft. In other applications, the device may need to fold and unfold hundreds of thousands of times.

Electrical Requirements
For origami-like mechanisms where conductivity is required, these electrical constraints need to be
explicitly stated, e.g., the required power transfer, current, conductivity, etc. This is to ensure that
the conductive pathway is properly laid out, the resistance is correct, the power loss is minimal, etc.

Allowable Materials
In most applications, only certain materials are acceptable for the given application based on functionality, manufacturability, cost, etc. As this paper is focusing on using surrogate folds for conductive purposes, this will also be a factor in allowable materials. These allowable materials need
to be listed because the selected material will be an important driver of the design.
Material constraints will also be important because they will greatly affect the size and
shape of the joint based on their properties. Ashby charts are a simple tool used when selecting
materials based on two criteria, but they can be inadequate when selecting the material for a compliant mechanism because more than two constraints are often involved. Sessions et al. share a
method for selection and design of a compliant mechanism based on multiple constraints including
electrical resistivity [31]. Using their method to pick materials in order to create a product that is
functional and commercially viable, they created an electrically conductive LET joint array usable
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in back-packable foldable solar arrays that was proven to work well in bending to at least 180
degrees.

Allowable Fold Area
When creating mechanisms with folding motion, size constraints are important to specify because
the folding motion is usually done to save space or to make the mechanism more compact. As
mentioned previously, some surrogate folds take up real estate parallel to the fold line, while some
extend perpendicular. Therefore it is important to know size constraints for the joint area as well
as the overall device early in the design process.

3.3.2

Design Layout
Select a Surrogate Fold

Based on the anticipated loading conditions and other constraints, a surrogate fold (or joint) can
then be selected (see Fig. 3.2 for examples). Choosing the correct fold is an important part of the
process because they each have their own pros and cons. Many surrogate folds have been designed
(see [32]). These folds can give the designer a good starting point for choosing or designing their
own fold. The stress equations for certain folds have already been developed and will be discussed
later (see [30], [32]).

Decide Array Layout
The final step is to decide whether to use a single joint by itself or use an array of that joint. As
mentioned previously, there are trade-offs for each option.
There are many benefits from using arrays. Arrays can combine joints in parallel (or along
the fold-line) or in series (perpendicular to the fold-line). Placing joints in parallel decreases parasitic motion, such as twisting, but increases the moment required to actuate the array. Placing
joints in series decreases the overall moment required to actuate the array and also requires that
each individual joint deflects less relative to the total deflection, therefore decreasing the stress
in each joint. However, placing joints in series will take up more real estate perpendicular to the
fold-line and can increase parasitic motions. The analysis of arrays will be shown and then array
prototypes will be presented.
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3.3.3

Models
Once a design layout has been selected, the next step in the framework is to build models

to validate the design. The three different models that can be constructed include: analytical, finite
element analysis (FEA), and experimental. It is a good idea to use at least two different types of
models in order for them to validate each other. If the design does not meet the needed performance
expectations, the designer can iterate through the framework.
The equations for the stress in a single joint are well known, so they will not be presented (see [30], [32]). The equations for the resistance of a single joint will be presented. These
can give a good starting point for analyzing any surrogate fold. A few examples of conductive
single joints will be demonstrated.
This paper will then present some equations to calculate the stresses in an array made from
some of the more common surrogate folds. These equations will be followed with examples of
conductive arrays.

3.4
3.4.1

Equations and Proof of Concept
Single Joint
A simple surrogate fold was selected in order to present example resistance equations and

proof of concept. The Torsion-Parallel Joint created by Delimont [32] was chosen (see Figure 3.4)
because it is easy to analyze, extends parallel to the fold line minimizing the overall footprint, and
is easily put into arrays. The legs of the joint are put in torsion which requires less of a moment
to actuate than if the legs were in pure bending. Stress equations for the Torsion-Parallel Joint are
presented by the authors in [30].
The resistance of the joint is an important design consideration when conducting power.
When the joint is made out of metal, the resistance can be low due to the large amount of material.
Resistance for the joint can be calculated using the equation:

R=

ρL
A
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(3.1)

Figure 3.4: The Torsion-Parallel Joint [7].

where R is the resistance, ρ is the resistivity of the material used, L is the length of each segment,
and A is the cross sectional area of each segment.
The joint can be broken down to calculate the resistance of each section. Using Figure 3.5,
we will start at the bottom section.
The resistance for the bottom section is:

Rbottom =

ρL1
W1t

(3.2)

Resistance for the tab is:

Rtab =

ρL2
W2t

(3.3)

ρL3
2W3t

(3.4)

The two legs are in parallel, which would be:

Rlegs =

The next two wide parts of the legs are also in parallel:

Rlegs2 =

ρ(L4 +W3 )
2W4t
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(3.5)

Figure 3.5: Dimensions of Torsion-Parallel Joint.

And the final tab part on the upper section is:

Rtop =

ρL5
W1t

(3.6)

These can then all be combined in series to get the total resistance of the joint:

Rtotal = Rbottom + Rtab + Rlegs + Rlegs2 + Rtop

(3.7)

Which simplifies down to:

Rtotal

ρ
=
t



L1 + L5 L2
L3
L4 +W3
+
+
+
W1
W2 2W3
2W4


(3.8)

The conductivity of the joint can be found by taking the reciprocal of the resistance equation.
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Single Joint Prototypes
Next, the Torsion-Parallel Joint was used to make a simple circuit that could be folded.
Various methods were used to conduct an electrical current across a single Torsion-Parallel Joint
including conductive paint and a nickel spray. A 3 volt battery was used along with a small surface
mount LED to show that conductivity was achieved. The joints were also fatigue tested to find
their conductive endurance (see Section 3.7).
The first method used was a conductive paint. This paint is very easy to use in creating
circuits quickly. The Torsion-Parallel Joint was created using a 3D printer with the electrical
pathway indented in the surface allowing for easier placement of the paint. The paint maintained
electrical conductance as the Torsion-Parallel Joint was folded, but its conductance began to break
down with continuous folding. Eventually sections of the paint completely broke off causing circuit
failure.
The second method used was a nickel spray, similar to the method used by Siegel [21] (see
Fig. 3.6). The joint was also 3D printed and a stencil used to create the conductive pathway. The
spray worked very well, but conductance also decreased with continuous folding.

3.4.2

Arrays
When an array is made from Torsion-Parallel Joints, it is very similar to an array of Outside

LET Joints (see [32]). Because of this, the arrays created were Outside LET Joint arrays.
The equivalent stiffness of a single Outside LET Joint is given by Jacobsen [11] and can be
reduced to:

Keq =

2Kt Kb
Kt + 2Kb

(3.9)

where Kb is the spring constant of one of the bending legs as given by:

Kb =
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EI
Lb

(3.10)

Figure 3.6: Torsion-Parallel Joint with nickel spray used to create conductive pathway. Overall
size is 14.9 cm x 8.3 cm x 0.2 cm. The nickel layer is approximately 0.25 mm thick.

and
wbt 3
I=
12

(3.11)

where E is Young’s modulus, wb is the width of the bending member, and Lb is the length of the
bending member.
The spring constant of one of the torsional legs is given by Delimont [32] as:
4

Kt =

t
wt t 3 ( 31 − 0.21 wt t (1 − 12w
4 ))G
t

Lt

(3.12)

where G is the shear modulus, wt is the width of the torsional member, and Lt is the length of the
torsional leg.
Calculating the overall torsional spring constant of an array is given by Nelson, et al. [33]:
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Karray =

mKeq
n

(3.13)

where m is the number of joints in parallel and n is the number of joints in series.
A similar process can be followed for the resistance by calculating the resistance of a single joint and then extending it to an array. The resistance of a single Outside LET Joint can be
calculated using the equation as before:

R=

ρL
A

(3.14)

The joint can be broken down to calculate the resistance of each section.
The resistance of the tab or end piece is:
ρLtab
wtabt

(3.15)

Rt =

ρLt
wt t

(3.16)

Rb =

ρLb
wbt

(3.17)

Rtab =
The resistance of one of the torsional legs is:

The resistance of one of the bending legs is:

The total resistance for a single joint, ignoring the upper tab, gives:

Req = Rtab +

2Rt + Rb
2

(3.18)

The resistance of the total array will then be:

Rarray =

nReq + Rtab
m

(3.19)

If the flexible material used is an insulator and there is a conductive material placed along the
surface, the thickness in these equations can be switched to the thickness of the conductive material.
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FEA Comparison
To validate the assumptions in the analytical models, FEA models were created in ANSYS
(see Fig. 3.7). The arrays were modeled as Solid186 elements with Beam188 elements being
coupled to the array in order to apply the desired rotation of 180 degrees. The von Mises stress
was retrieved to compare to the analytical models. The margin of error between the FEA and
analytical models for different sized arrays was minimal (see Fig. 3.8). As can be seen, the error
for all the joints was less than 3%, which is acceptable when compared to the error introduced
through the variability in manufacturing and the materials. The error was smaller for simpler joints
and in more complicated joints it grew until it plateaued for 5 joints in series.

Figure 3.7: ANSYS model of a 2 x 10 Outside LET Joint array.

Array Prototypes
Prototypes were made that were similar to those made with single joints in order to compare their performance. The substrate for the first prototypes was 3D printed with the conductive
materials being added (see Fig. 3.9). An array was also made entirely from aluminum in order to
test a conductive surrogate fold array made entirely from metal (see Fig. 3.10). The aluminum was
designed to reach 180 degrees of deflection without yielding.
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# of Joints in Series

# of Joints in Parallel
1
2
3
4
5
6
7
8
9
10

1
0.26%
1.91%
2.26%
2.29%
2.50%
2.48%
2.59%
2.65%
2.57%
2.69%

2
0.91%
1.87%
2.19%
2.35%
2.46%
2.52%
2.57%
2.77%
2.69%
2.69%

Figure 3.8: Percent error in the von Mises stress between analytical and FEA models.

Figure 3.9: Outside LET Joint array with 3D printed substrate and nickel spray conductive pathway.
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Figure 3.10: LET Joint array made from aluminum. Overall size is 12.7 cm x 9.1 cm x 0.1 cm.

3.5

Fatigue Feasibility Testing
Fatigue testing was done on the joints to test the feasibility of using them in situations re-

quiring many folding cycles. Only a few tests were carried out to prove the feasibility of conductive
surrogate folds in these situations and to draw comparisons between single joints and arrays. Extensive fatigue data was not gathered. A fatigue tester located in the lab was used to bend the arrays
to approximately 90 degrees (see Fig. 3.11). The fatigue tester device is based on a slider-crank
mechanism. A camera placed within the testing enclosure was used to record the cycle counter
and to watch for failure of the circuit, evidenced by the light going out. The circuits were tested at
a rate of 20 folds per minute.
The single joints were first tested to see the feasibility of using a single conductive joint.
The single joints made with the conductive paint failed quickly, especially if the paint had fully
dried. As the number of folds increased, the paint began to break off in chunks causing failure of
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Figure 3.11: Fatigue tester used to test conductive surrogate folds.

the circuit (see Fig. 3.12). On the few that were tested, this occurred within the first few hundred
cycles. The single joints made from the nickel spray faired far better but still had the problem of
delamination. The ones with nickel spray had delamination begin to occur around 2,000 cycles. As
pieces broke off, the circuit continued to function because only the top layers of the nickel broke
off with the bottom section being well adhered to the substrate. The resistance obviously increased
as sections of the conductive material broke off, which can cause eventual failure of the overall
circuit.
Fatigue testing was also done on several of the arrays. There was a noticeable difference
in the fatigue life of the arrays versus the single joints. The array in Fig. 3.9 was tested to 115,000
cycles with no noticeable change in resistance. The initial and final resistance of the nickel spray
array were both 82 ohms. This was due to the small amount of bending induced in each leg relative
to the overall deflection. Since there were 8 folds patterned in series, each leg of each fold only
had to undergo 5 degrees of deflection. This minimization of folding of each leg in the array is
a great advantage of using arrays. The array made from aluminum was also fatigue tested but to
approximately 170 degrees to test it in a more extreme folding case. The array broke around 30,000
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(a)

(b)

Figure 3.12: (a) Fatigue tested single joint made with conductive paint and (b) fatigue tested single
joint made from nickel spray. Each one had sections of conductive material break off during fatigue
testing.

cycles, most likely due to errors in manufacturing. When cutting the inner parts of the Outside LET
joints, the water jet caused the aluminum to separate and bubble outwards at the point of puncture
(see Fig. 3.10). The array began to fail at one of these points.
These tests of fatigue feasibility proved that conductive surrogate fold joints can be used in
situations requiring many folding cycles. Single folds using a flexible substrate with a conductive
material added on top, should not be used for situations requiring many folding cycles because the
circuit will fail quickly as the conductive material begins to fracture and delaminate. Arrays hold
potential for situations requiring tens or even hundreds of thousands of cycles because each leg in
the array only undergoes a portion of the total deflection. These results experimentally show the
feasibility of using surrogate folds to conduct electrical power in situations requiring many folding
cycles.
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3.6

Example Application
The design process will now be demonstrated in the design of a conductive kaleidocycle.

Each design consideration will be presented as well as the design layout.

3.6.1

Design Considerations
Desired Deflection

It was assumed that for the given application 10 pieces would be used requiring that each joint
undergo +/- 72 degrees of deflection.

Desired Fatigue Life
The requirement is to have the kaleidocycle rotate completely at least 200 times without failure.

Electrical Requirements
5 small LED lights will be attached to the surface of the kaleidocycle and must stay lit through
rotation of the device.

Allowable Materials
The only constraints on the material are that it be inexpensive, easy to manufacture, safe to handle,
and have a long fatigue life.

Allowable Fold Area
The kaleidocycle needs to be less than 30.48 cm (12 inches) in diameter and less than 15.24 cm (6
inches) in height.

3.6.2

Design Layout
Select a Surrogate Fold

The Outside LET joint was chosen as the best joint for this application because it works well in
folding and torsion, is simple to design and analyze, and is easy to manufacture. It also runs
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parallel to the fold line, reducing the length of each piece of the kaleidocycle which minimizes the
overall diameter.

Decide Array Layout
It was decided to put the joints into an array to minimize the deflection in each joint. Using the
equations mentioned previously, it was determined that a 1 by 2 array would be sufficient to achieve
the desired deflection without yielding.

3.6.3

Models
To validate the chosen surrogate fold and layout, analytical models were created using the

equations previously presented. An FEA model was also made in ANSYS. The models verified
that the predicted performance would be acceptable.

3.6.4

Finished Design
The kaleidocycle was manufactured from Dibond® , which is two thin sheets of aluminum

around a thermoplastic core. This was proven by Sessions et al. to work well in flexible and
conductive applications [31]. The pieces were cut out using a waterjet cutting machine. The outer
paint layer was selectively removed using sandpaper to allow connection between the panels. The
aluminum layers were selectively removed using a hacksaw blade on both sides of 5 of the panels.
Surface mount LED lights were placed on one side of the 5 panels while the notch on the other side
was used to break the circuit, forcing the current to go through the LED on the other side. 3 red
LED lights were placed facing one direction while 2 orange lights and the batteries were placed
facing the other. This made it easy to ensure that the lights stayed lit as it was rotated. A container
was designed and 3D printed to hold three 3V batteries to power the kaleidocycle. The finished
kaleidocycle is approximately 27.94 cm (11 inches) in diameter and 5.08 cm (2 inches) in height
(see Fig. 3.13). The kaleidocycle was rotated for over 300 cycles with no noticeable changes in its
performance nor signs of failure.
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(a)

(b)

Figure 3.13: (a) Completed conductive kaleidocycle and (b) kaleidocycle shown with power moving through the surrogate folds.

3.7

Discussion
Using surrogate folds to conduct across folds brings many benefits. Although conductive

materials added to flexible substrates will eventually fracture, their life is extended because each
member in the surrogate fold array undergoes only a small portion of the total deflection. These
added conductive pathways also have the benefit of being repairable. If part of the circuit breaks, it
can be quickly and easily repaired by adding more of the original conductive material to the broken
area if possible, or by using common circuit repair tools like conductive silver pens or other trace
repair kits.
Adding conductive materials does have its own challenges. The biggest problem is the
conductive material will still fatigue over time. Another noticeable problem is delamination. A
few of the prototypes created had part of their conductive material break off from the substrate
severing the circuit pathway. Multiple electrical pathways could be created using this method
when designing with arrays. When the surrogate folds are placed in parallel, each fold could be
used to conduct different signals or power.
There are many benefits to making the surrogate fold from metal. It can be made from a
simple manufacturing method and requires no additional assembly, such as adding a conductive
material. It can also be easy to design. One negative with making the array from only metal is the
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difficulty of repairability. If one of the compliant legs breaks, the entire circuit can fail. It can be
difficult to fix the array, so it might need to be replaced. Another problem is that it is only possible
to conduct one signal across the fold because the array is a single conductor.
The methods presented in this paper work best with origami-based mechanisms that require
simple signals to be transferred across fold-lines, such as electrical power. The single joint methods, which can be easy to design and manufacture, work best in situations with limited folding
cycles and with simple signals. Arrays, which are harder to design and manufacture, work best in
more complicated systems with more folding cycles.
The framework presented is a good starting point for engineers when designing conductive
surrogate folds. This generic framework can be modified to work better for a given application.

3.8

Conclusion
There are many design considerations to keep in mind when designing conductive hinges

including: desired flexibility, mechanical properties, electrical properties, reliability, manufacturability, and cost. Surrogate folds hold potential for creating reliable and inexpensive conductive
hinges. Use of surrogate folds in arrays can extend life of conductive layers used with conductive
hinges. Metal hinges are an attractive option because they have good performance, do not lose conductivity as conductive material fractures, are easy to manufacture, and can be cheaper than current
methods used to create flexible circuits. The framework presented can be used by engineers in the
designing of conductive surrogate folds.
Future work could include making PCBs with surrogate fold arrays. This could allow for
the transmission of more complicated signals across the conductive hinges.
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CHAPTER 4.

CONCLUSION

This thesis has presented an approach, using different methods and frameworks, to help
engineers in the designing of surrogate fold joints for use in origami-based mechanisms and products that use thick, non-paper sheet materials to accommodate required rotational deflections and
conduct power. These surrogate folds can be used to simplify design, utilize less-expensive manufacturing processes, and reduce size and weight.
In Chapter 2, this work quantified and compared the Dual-Segment Compliant Joint family
of surrogate folds in the folding motion. The relationships between the thickness of the material
to the required compliant leg length and moment required to actuate the folds were also presented
and discussed. The thickness of the material was discovered to be a major driver of design, greatly
influencing the size of the fold. In many situations the required real estate for a single fold may
become unreasonable due to the thickness. A linear relationship between the thickness and the
compliant leg length was discussed. Compliant legs in pure bending, which run perpendicular to
the fold-line, are shorter for a given deflection than for those in pure torsion. Conversely, compliant
legs in pure bending require a greater moment to actuate for a given leg length than those in pure
torsion. As the thickness is doubled for a given fold configuration, the overall moment required
to actuate it increases 8 times. These relationships and comparisons provide a starting point for
engineers in choosing surrogate folds for a given application in non-paper, thick sheet materials.
Chapter 3 next presented a framework that can be used by engineers to select and design
surrogate folds for use in power transfer applications. Complex interactions between all of the
design considerations for a conductive joint make it helpful to have a framework to follow. The
design framework presented provides engineers a general idea of the important considerations
and parameters that will drive an effective design. Certain design considerations were found to be
major drivers of the design including desired flexibility, desired fatigue life, electrical requirements,
allowable materials, and allowable fold area. The framework can be iterated through to create a
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layout that meets all design requirements. Arrays of surrogate folds allow for greater fatigue life
of a conductive joint because each compliant leg undergoes a small portion of the total deflection,
and therefore can be advantageous to use in power transfer applications. Equations for calculating
the electrical resistance of single surrogate folds as well as arrays were given, showing that the
electrical resistance of a conductive surrogate fold can be minimal relative to the overall circuit.
Prototypes of several conductive joints and arrays were shown and discussed to show proof of
concept of conductive surrogate folds. Finally, the framework was followed in the designing and
manufacturing of a conductive kaleidocycle, showing the feasibility of creating an origami-based
mechanism whose conductive joints are made entirely from surrogate folds.
This work has furthered the tools available to engineers in designing surrogate folds for
origami-based mechanisms and products. There are several areas that can be better explored to
further the understanding and effective design of surrogate folds. These areas could include:
• A further study and comparison of surrogate folds in other loading conditions such as tension, compression, and shear. This would help designers better understand the trade-offs
between different loading conditions and motions.
• More extensive fatigue life research would prove beneficial to helping engineers design surrogate folds to meet expected fatigue life requirements.
• Further research into the optimization of the entire surrogate fold, not just the compliant
leg length, based on thickness would be beneficial. This would allow for a more effective
surrogate fold design.
• A study on implementing surrogate folds in printed circuit boards would allow for the transfer of more complicated signals across flexible, conductive hinges. This would open up more
opportunities for the use of surrogate folds in origami-based mechanisms with attached electronics.
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